2002; Leroy et al., 2003). In unicellular organisms such (Plx1-N172A-GH). As shown in
, Claspin associated specifically with nickel beads containing Plx1-as yeast, adaptation may allow proliferation in cases where DNA damage that cannot be repaired in a timely S-labeled Claspin fragcolin-treated Xenopus egg extracts after a prolonged ments by gel electrophoresis and phosphorimaging. Iniinterphase arrest. As a consequence, the extracts enter tial experiments indicated that Plx1 binds to fragments mitosis despite the ongoing presence of DNA replication from the C-terminal end of Claspin (e.g., residues 776-blocks. These studies indicate that inactivation of a 1285 and 776-1174) but not to an N-terminal fragment checkpoint mediator protein such as Claspin by a mi-(residues 1-744) ( Figure 1E ). Further detailed mapping totic regulatory kinase results in checkpoint adaptation.
N172A-GH. There was no binding to control nickel beads (data not shown). The binding of Claspin to
indicated that residues 878-920 of Claspin are essential In principle, such adaptive processes in multicellular for binding to Plx1 (see Figure 1F ). organisms could promote cell death or lead to the perThe Polo-like kinase (Plk) docks with prospective subpetuation of genetic errors, depending on the circumstrates by a phosphorylation-mediated mechanism (Elia stances.
et al., 2003). Plk contains a Polo-box domain (PBD) that interacts with phosphorylated sequences in substrates such as Cdc25C. We investigated whether phosphoryla-

Results
tion of Claspin is necessary for binding to Plx1 by mutating candidate serines and threonines in the region of Plx1 Associates with Claspin in a CheckpointRegulated Manner
Claspin that is required for binding to Plx1 (residues 878-920) ( Figure 2A ). Since this region partially overlaps Our laboratory has been interested in the function and regulation of Plx1 in Xenopus egg extracts, especially the previously identified Chk1 binding domain (CKBD) of Claspin at residues 847-903, in which we had already during checkpoint responses. For these studies, we searched for Plx1-interacting proteins by immunopreciprepared a number of Ser/Thr to Ala mutations (Kumagai and Dunphy, 2003), we also examined these sites. Inipitating Plx1 from egg extracts ( Figure 1A ). Two closely spaced bands at approximately 180 kDa attracted our tially, we examined mutations that were introduced into the Claspin(776-1174) fragment, which binds well to attention, because the pattern of these proteins changed subtly after treatment with pA-pT (not shown), Plx1. None of the mutations in the CKBD affected binding to Plx1 ( Figure 2B Figure 3A ,
35
S-labeled Claspin-T906A displayed only background ( Figure 1B) . We observed similar amounts of Claspin in anti-Plx1 immunoprecipitates from interphase and M levels of binding to Plx1. We also prepared a full-length version of His6-Claspin-T906A in baculovirus-infected phase extracts, but there was highly elevated binding of Claspin to Plx1 in extracts containing pA-pT. Coninsect cells. Next, we removed the endogenous Claspin from egg extracts by immunodepletion with anti-Claspin versely, we also detected Plx1 in anti-Claspin immunoprecipitates by immunoblotting with anti-Plx1 antibodantibodies and subsequently replaced this protein with either wild-type His6-Claspin or the His6-Claspin-T906A ies ( Figure 1C ). We likewise observed enhanced binding of Plx1 to Claspin in the presence of pA-pT by this mutant ( Figure 3B ). Wild-type His6-Claspin bound well to exogenously added Plx1-N172A-GH, but there was method. Finally, we performed pull-down experiments with a recombinant, kinase-inactive version of Plx1 no binding of His6-Claspin-T906A ( Figure 3C ). Figure 3D ). phorylated T906 (anti-P-T906) (see Figure 3D ). As shown in Figures 3E and 3F , the anti-P-T906 antibodies reacted
The PBD of Plx1 lies in its C-terminal regulatory region (amino acids 316-598). To evaluate whether this region well with both GST-Claspin(878-962) and full-length His6-Claspin that had been incubated in extracts in the interacts with phosphorylated Claspin, we prepared recombinant forms of the N-terminal and C-terminal dopresence but not the absence of pA-pT. The anti-P-T906 antibodies did not recognize T906A mutant versions of mains of Plx1, which we named N-Plx1-GH and C-Plx1-GH, respectively (see Figure 3G ). As depicted in Figure  these precipitates from samples that lacked aphidicolin or contained aphidicolin plus caffeine ( Figure 4B ). These To examine the relationship between Claspin and Plx1 during a checkpoint response to stalled replication forks results suggest that Plx1 associates with Claspin at stalled replication forks. in chromosomal DNA, we added demembranated sperm nuclei and aphidicolin to egg extracts. After 100 min,
We also asked what kinase regulates phosphorylation of Claspin on T906. Xatr seemed a plausible candidate we isolated chromatin fractions from the extracts and performed immunoblotting with antibodies against because phosphorylation on T906 increases in the presence of DNA replication blocks, and the sequence Claspin, P-T906 of Claspin, and Xorc2 (to monitor recovery of chromatin) ( Figure 4A ). As described previously, around T906 resembles a consensus site for ATR. We found that the aphidicolin-dependent phosphorylation Claspin binds in elevated amounts to aphidicolintreated chromatin (Lee et al., 2003). The Claspin that of Claspin on T906 was abolished in the Xatr-depleted extracts ( Figures 4C and 4D ). Therefore, it appears that had associated with chromatin in aphidicolin-treated extracts reacted strongly with the anti-P-T906 antibodXatr or some Xatr-dependent kinase phosphorylates T906. Taken together, these results suggest that the ies. Likewise, T906 became phosphorylated on UV-dam- Xatr-dependent phosphorylation of Claspin on T906 refrom M phase extracts. By contrast, the activity of Plx1 in interphase extracts did not increase in the presence cruits Plx1 to chromatin during a DNA replication checkpoint response in egg extracts. of cycloheximide, which prevents the synthesis of cyclin B. In conclusion, it appears that Plx1 is not kept inactive in the presence of incompletely replicated DNA.
Claspin Appears Not to Be Involved in Negative Regulation of Plx1
We also examined the activity of Plx1 in extracts containing pA-pT ( Figure 4E ). We observed that pA-pT In order to evaluate the functional significance of the interaction between Claspin and Plx1, we considered blocked the activation of Plx1 very efficiently, which is consistent with reports that double-stranded DNA ends various models. For example, Claspin could be involved in the negative regulation of Plx1. In this case, one might downregulate Plk1 in irradiated human cells (Smits et al., 2000) . These observations raised the possibility that predict that Plx1 would be downregulated in checkpoint-activated egg extracts. To examine this issue, we Claspin might be necessary for the negative regulation of Plx1 in response to double-stranded DNA ends. Howisolated Plx1 at various times from interphase extracts lacking or containing aphidicolin and assayed kinase ever, we found that Plx1 is still downregulated efficiently by the presence of pA-pT in Claspin-depleted egg exactivity toward Cdc25C. We observed that the kinase activity of Plx1 increased steadily in both the absence tracts (data not shown). Taken together, these various observations make it seem unlikely that binding of and presence of aphidicolin ( Figure 4E) . By 100 min, the activity of Plx1 in both cases approached that of Plx1
Claspin to Plx1 reflects negative regulation of Plx1. Inter-for Plx1. We observed that full-length His6-Claspin underwent significant phosphorylation upon incubation with 32 P-ATP and anti-Plx1 immunoprecipitates from M phase extracts of Xenopus eggs (data not shown). In mapping experiments, GST peptides containing amino acids 847-962 and 878-962 of Claspin served as excellent substrates for immunoprecipitated Plx1 ( Figure 5A ). By contrast, GST-Claspin(847-920) did not become phosphorylated in this assay, which suggests that residues 921-962 contain a phosphorylation site(s) for Plx1. We also found that recombinant wild-type Plx1 but not the kinase-inactive Plx1-N172A mutant could phosphorylate the GST-Claspin(847-962) substrate efficiently ( Figure 5B) . Consistent with the results described above, recombinant Plx1 did not phosphorylate the GSTClaspin(847-920) peptide.
In the 921-962 region of Claspin, the sequence containing S934 resembles a consensus Plk phosphorylation site (Nakajima et al., 2003) . We prepared a version of GSTClaspin(847-962) in which S934 was changed to alanine. As shown in Figure 5C , GST-Claspin(847-962)-S934A could not function as a substrate for Plx1. We performed tryptic phosphopeptide mapping to establish that S934 becomes phosphorylated in egg extracts (see Supplemental Figure S1 at http:/www.cell.com/cgi/content/ full/117/5/575/DC1). We also prepared anti-phosphopeptide antibodies against an S934-phosphorylated peptide from Claspin (anti-P-S934). These anti-P-S934 antibodies reacted well with Claspin in aphidicolin- 
not shown). Finally, the condensed chromatin that forms
For the first 150-180 min, the mock-depleted extracts, as well as Claspin-depleted extracts containing His6-in such extracts is morphologically very similar to the chromatin in mitotic extracts that had never been exClaspin, His6-Claspin-T906A, or Claspin-S943A, all behaved similarly. In particular, these extracts all arrested posed to aphidicolin (data not shown).
In order to assess whether regulation of Claspin by in interphase, which indicates that a checkpoint-induced delay of the cell cycle had been triggered successfully. Plx1 is involved in adaptation of the DNA replication checkpoint, we first removed the endogenous Claspin For comparison, mock-depleted extracts lacking aphidicolin underwent NEB at 100-120 min. Therefore, the from egg extracts by immunodepletion with anti-Claspin antibodies ( Figures 6A and 6B) . In parallel, we prepared T906A and S934A mutants are proficient at triggering a checkpoint delay. Consistent with this observation, we mock-depleted extracts by using control antibodies. Next, we added back wild-type His6-Claspin, His6-observed that Xchk1 underwent checkpoint-dependent phosphorylation normally in extracts containing the Claspin-T906A, or His6-Claspin-S934A to the Claspindepleted extracts at very similar concentrations. Finally, T906A and S934A mutants (data not shown; also see Figure 7 ). However, the various aphidicolin-treated exwe added sperm chromatin and aphidicolin to the extracts and monitored nuclear envelope breakdown tracts displayed different behaviors at later times. We observed that mock-depleted extracts and Claspin-(NEB) as an indicator for mitosis. depleted extracts containing wild-type His6-Claspin (data not shown). Upon further examination, we found that the NEB that occurs at later times in extracts conunderwent NEB at 210-240 min. By contrast, the timing of NEB was significantly delayed in extracts containing taining the T906A and S934A mutants is due to the occurrence of apoptosis rather than entry into mitosis the His6-Claspin-T906A or His6-Claspin-S934A mutants.
(data not shown). Apoptosis also occurs in untreated extracts lacking aphidicolin with similar timing, which In order to pursue these observations further, we also measured phosphorylation of histone H1 as a marker has been well documented (Newmeyer et al., 1994). Therefore, it is unclear whether there is a connection for Cdc2-associated kinase activity. As shown in Figures  6C and 6D , there was also a steep rise in H1 kinase between failure of adaptation and occurrence of apoptosis. Taken together, these results indicate that extracts activity at 210-240 min coincident with NEB in mockdepleted extracts and Claspin-depleted extracts concontaining the T906A and S934A mutants of Claspin are unable to undergo adaptation and entry into mitosis taining wild-type His6-Claspin, both of which were treated with aphidicolin. However, there was no rise in after a prolonged checkpoint arrest. Eventually, the nuclei in extracts containing these mutants do undergo H1 kinase activity even by 300 min in aphidicolin-treated extracts containing the T906A mutant (Figures 6C and breakdown, but this process represents apoptotic disintegration and not mitotic disassembly. 6D). We obtained similar results for the S934A mutant -depleted (lanes 1-3) and Plx1-depleted extracts (lanes 4-6) were treated with aphidicolin. At the indicated times, binding of Claspin, Xorc2, and Pol ␣ to chromatin and phosphorylation of 35 S-Xchk1-⌬KD in whole extracts were determined as in Figure 7F .
The T906A and S934A Mutants of Claspin Display presence of cycloheximide, which blocks the entry into mitosis. Cycloheximide inhibits the synthesis of cyclin Enhanced Binding to Aphidicolin-Treated Chromatin To investigate the mechanism by which Plx1 might con-B and also prevents the activation of Plx1 ( Figure 4E ). For this reason, we initially characterized the binding trol Claspin during checkpoint adaptation, we examined whether regulation by Plx1 affects the chromatin binding of Claspin to chromatin in extracts that proceed into mitosis. First, we examined binding in extracts that did properties of Claspin. As described previously, Claspin binds to chromatin during a normal S phase in Xenopus not contain either cycloheximide or aphidicolin ( Figure  7A ). Consistent with previous findings, binding of egg extracts in a manner that requires the pre-RC, Cdc45, and Cdk2 (Lee et al., 2003) . This binding inClaspin to chromatin peaked at 40-60 min and then declined as DNA replication approached completion. At creases substantially in the presence of aphidicolin. All of these previous experiments were performed in the 120 min, when this particular extract had entered mito-sis, there was relatively little Claspin on chromatin. In and Claspin-depleted extracts containing wild-type another type of experiment, we incubated chromatin in His6-Claspin, the aphidicolin-induced phosphorylation egg extracts containing cycloheximide for 60 min and of Xchk1-⌬KD was reversed. By contrast, in Claspinthen added a high concentration of recombinant human depleted extracts containing the T906A mutant, Xchk1-His6-cyclin B1, which induced mitosis in 5-10 min. We ⌬KD remained in its hyperphosphorylated form at 240 observed that addition of cyclin B1 triggered the release min. As a control, we showed that, in the absence of of Claspin from chromatin ( Figure 7B) . Altogether, these aphidicolin, Xchk1-⌬KD does not undergo phosphorylaresults indicate that there is little if any Claspin on chrotion in extracts containing either the T906A or S934A matin at mitosis when Cdc2-cyclin B and Plx1 are maximutants (see Supplemental Figure S2 on Cell website). mally active.
This observation argues that the T906A and S934A muWe proceeded to evaluate whether Plx1 affects the tants do not prolong a checkpoint response by disbinding of Claspin to chromatin during an aphidicolinrupting replication forks. induced arrest. To examine this possibility, we first A significant consideration in these experiments is immunodepleted the endogenous Claspin from egg exwhether the initiating checkpoint signal, namely aphiditracts and replaced it with wild-type His6-Claspin, His6-colin-induced DNA replication blocks, is still present at Claspin-T906A, or His6-Claspin-S934A ( Figure 7C) . the time of adaptation. We ruled out the trivial possibility Next, we added sperm chromatin and aphidicolin to the that aphidicolin loses efficacy at later times by showing various extracts. Finally, we reisolated chromatin from that there is no measurable DNA synthesis at 240 min the extracts after 100 min and performed immunoblotin aphidicolin-treated extracts (data not shown). We also ting with anti-Claspin antibodies ( Figure 7C ). As exassessed the presence of stalled replication forks by pected, we could readily detect Claspin on aphidicolinimmunoblotting chromatin fractions for Pol ␣, which actreated chromatin from mock-depleted extracts and cumulates in high amounts at stalled forks in aphidiClaspin-depleted extracts containing wild-type His6-colin-treated chromatin (Walter and Newport, 2000) . AlClaspin. However, there was highly elevated binding though there was some reduction at later times, the of both the T906A and S934A mutants of Claspin to results showed that, at 240 min, Pol ␣ remained in subchromatin under these conditions. We also examined stantial amounts on chromatin from mock-depleted exthe chromatin fractions by immunoblotting with antitracts and Claspin-depleted extracts containing either S934-P antibodies. These antibodies reacted well with wild-type His6-Claspin or the Claspin-T906A mutant endogenous Claspin and wild-type His6-Claspin. By ( Figure 7F ). Thus, there appears not to be a general comparison, the anti-P-S934 antibodies interacted collapse of stalled DNA replication forks at this time. weakly with the chromatin bound His6-Claspin-T906A
Extracts containing UV-damaged chromatin also unmutant (note that amount of His6-Claspin-T906A on dergo adaptation by 240 min, as indicated by dissociachromatin greatly exceeds that of wild-type His6-tion of Claspin from chromatin, inactivation of Xchk1, Claspin). These observations imply that phosphorylation and persistence of Pol ␣ on the DNA ( Figure 7F ). Thereof Claspin on T906 facilitates subsequent phosphorylafore, adaptation of the checkpoint response to DNA tion of S934.
replication blocks occurs whether these blocks accuThese findings suggest that Plx1 might negatively regmulate because of treatment with aphidicolin or infliction ulate the association of Claspin with chromatin. To inof UV damage. vestigate this possibility further, we removed Plx1 from Finally, we also assessed the role of Plx1 in adaptation egg extracts with anti-Plx1 antibodies ( Figure 7D ). We by immunodepleting this kinase from the extracts. As could restore Plx1 by adding back a recombinant Plx1-shown in Figure 7G , Claspin remained on chromatin, GH protein. As shown in Figure 7E , immunodepletion of and Xchk1 did not undergo inactivation at 240 min in Plx1 resulted in enhanced binding of Claspin to chromaPlx1-depleted extracts containing aphidicolin. Overall, tin in both the absence and presence of aphidicolin.
these results suggest that Plx1 promotes both the dissoFurthermore, this increase was abrogated by the addiciation of Claspin from chromatin and inactivation of tion of recombinant Plx1-GH back to the Plx1-depleted exXchk1 in aphidicolin-treated extracts that undergo adtracts.
aptation after a prolonged interphase arrest. This proNext, we examined the binding of Claspin to chromacess corresponds to adaptation rather than recovery, tin as a function of time in aphidicolin-treated extracts because stalled replication forks persist upon mitotic undergoing adaptation. As shown in Figure 7F , the entry. amount of endogenous Claspin on chromatin in mockdepleted extracts declined at 180-240 min as these extracts underwent adaptation. A similar decrease ocDiscussion curred around the same time for wild-type His6-Claspin that had been added back to Claspin-depleted extracts.
Signal transduction pathways commonly undergo adapBy contrast, the His6-Claspin-T906A mutant remained tation in the continued presence of an activating signal associated with chromatin at high levels during this peor ligand. In this report, we have found that the DNA riod. In parallel, we also examined the checkpointreplication checkpoint response in Xenopus egg exdependent phosphorylation of Xchk1 ( Figure 7F protein database nrdb95 on a web server at http://dove.embl
